To define the role of free radical formation and potential energy depletion in noise induced hearing loss (NIHL), we measured the effectiveness of tempol (free radical scavenger) and creatine (enhances cellular energy storage) alone and in combination to attenuate NIHL. Guinea pigs were divided into four treatment groups: controls, 3 % creatine diet (2 weeks prior to noise exposure), tempol (3 mM in drinking water 2 weeks prior to exposure), and creatine plus tempol and exposed to 120 dB SPL one-octave band noise centered at 4 kHz for 5 h. The noise-only control group showed frequencydependent auditory threshold shifts (measured by auditory brainstem response, ABR) of up to 73 dB (16 kHz) on day 1, and up to 50 dB (8 kHz) on day 10. Creatine-treated subjects had significantly smaller ABR threshold shifts on day 1 and on day 10. Tempol alone significantly reduced ABR threshold shifts on day 10 but not on day 1. ABR shifts after combination treatment were similar to those in the creatine group. Hair cell loss on day 10 was equally attenuated by creatine and tempol alone or in combination. Our results indicate that the maintenance of ATP levels is important in attenuating both temporary and permanent NIHL, while the scavenging of free radicals provides protection from permanent NIHL.
Introduction
Exposure to high-intensity sound triggers a decrease in local blood flow in the inner ear, especially at very high sound exposure levels of 120 -155 dB (Perlman and Kimura, 1962; Quirk et al., 1992; Miller et al., 1996) , while metabolic activity remains elevated well above basal levels (Canlon and Schacht, 1983) . At very high sound exposure levels, the reduction in cochlear blood flow (CBF) and local vasoconstriction can subject the cochlea to severe hypoperfusion in the presence of high energy demands. Impaired energy status can lead to activation of excitatory amino acid receptors (Brown and Borutaite, 2002) , increasing intracellular calcium (White et al., 2000) , and the generation of free radicals (Lang-Rollin et al., 2003) , which are all potentially damaging to the inner ear. If the initial step in the development of noise trauma is a depletion of cellular energy stores, then agents that can buffer cellular energy stores may be protective. Creatine kinase is a key enzyme involved in regulating energy metabolism in cells with intermittently high and fluctuating energy requirements (Weiss et al., 2005) , including the inner ear (Spicer and Schulte, 1992) . The enzyme catalyzes the transfer of high-energy phosphate from phosphocreatine to ADP to generate ATP. Several cytoplasmic and mitochondrial isoforms have been identified that, with the substrates creatine and phosphocreatine, constitute an intricate cellular energy buffering and transport system connecting sites of energy production to sites of energy consumption (Hemmer and Wallimann, 1993) . We tested the hypothesis that compounds that increase the cochlear energy reserve will be protective by assessing if oral administration of creatine attenuates noise-induced hearing loss.
Another putative cause of noise-induced hair cell death is oxidative stress. The formation of reactive oxygen species (ROS) results from high levels of mitochondrial activity induced by noise (Balaban et al., 2005; Gourlay and Ayscough, 2005; Yamashita et al., 2004; Ohinata et al., 2000) , and is exacerbated by reduction in CBF, which accompanies intense sound exposure. Consequently, ROS scavengers and inhibitors attenuate NIHL (Yamasoba et al., 1999; Henderson et al., 1999; Kopke et al., 2000; Ohinata et al., 2003) . Tempol (4-hydroxy-2,2,6,6-tetramethylpiperidine-N-oxyl) is a water-soluble analogue of the spin label TEMPO, widely employed in electron spin resonance spectroscopy (Saito et al., 2003) . Tempol permeates biological membranes and acts as a spin trap for superoxide radicals. It can reduce superoxiderelated injury in ischemia/reperfusion, inflammation, and radiation-induced damage (Thiemermann, 2003) . In the present study we assessed the efficacy of tempol to prevent NIHL.
Creatine and tempol should act on different pathways associated with NIHL. Several studies have shown that an additive protection against NIHL can be achieved by combining several agents acting against different damaging mechanisms (Hight et al., 2003; Kopke et al., 2000; Yamashita et al., 2005 ; for recent reviews, see Miller et al., 2006 and LePrell et al., 2006) . To provide further insights into the independence of these factors and the potential efficacy of a combination of agents, we examine the effectiveness of creatine or tempol alone and in combination on auditory threshold shifts and hair cell damage induced by noise exposure.
Results

ABR
Temporary noise-induced threshold shifts (TTS), measured one-day post noise exposure, were significantly reduced by treatment with creatine, or a combination of creatine plus tempol. Permanent noise-induced hearing loss measured 10 days post noise was significantly reduced by treatment with creatine, tempol, or a combination thereof at 4 and 8 kHz (see Figure 2) . Only the combination of creatine and tempol provided a significant attenuation of the noiseinduced threshold shift at 4 kHz 10 days following exposure. Group differences were statistically reliable for treatment (saline, tempol, creatine, or a combination of tempol and creatine) and time (pre, 1 day post, or 10 days post noise); the interaction of treatment and time was also statistically reliable.
Pair-wise comparisons revealed the following key results. First, there were no differences in baseline measures of threshold sensitivity for any groups at any test frequency (Fig 1) . Second, within each treatment group, thresholds measured either 1 or 10 days post-noise were significantly elevated relative to pre-noise baseline threshold. Third, all groups showed statistically reliable functional improvement from day 1 to day 10 post-noise (i.e., day 10 thresholds were significantly better than day 1 thresholds, with the exception of 4 kHz data for creatine treated animals).
Key differences among the treatment groups included the following. First, treatment groups that received creatine (alone, or in combination with tempol) had lower TTS than control animals or animal treated with tempol alone. Reducing TTS did not improve protection against permanent threshold shifts (PTS); the therapeutic effects of creatine and tempol were equivalent when permanent hearing loss was evaluated 10 days post noise. Second, the combination of creatine and tempol reliably and significantly reduced PTS at all test frequencies, although neither creatine nor tempol alone resulted in statistically reliable reduction of PTS at 4 kHz. Third, treatment with a combination of creatine and tempol provided the greatest reduction in PTS at 16 kHz; protection was statistically improved relative to tempol alone. Taken together, although additive effects of the combined agents were limited to two of the three frequencies tested, these results provide evidence that synergistic effects can be achieved via treatments that include agents intervening at different points in the traumatic cascade.
Hair cell loss
Missing hair cells were counted in rhodamine phalloidin-labeled surface preparations, and the percentage of IHC and OHC loss was quantitatively evaluated and graphed as the mean loss for each treatment group ( fig. 3 ). In the normal-diet group the damage extended from approximately 5 to 15 mm from the apex. In contrast, the animals receiving either creatine, tempol, or both had less hair cell loss and narrower noise-induced lesions. This is most compelling in the creatine treated group, in which damage is largely restricted to the region 10 -12 mm from the apex, the region primarily affected by the noise exposure. However, each treated group shows a reduction in the percent OHC missing in this 10 -12 mm region and a more or less symmetrical reduction in the extent of the damage both apically and basally. IHC loss was minimal in all conditions and no significant change in the extent of IHC loss was observed across treatment groups.
Mean hair cell loss on day 10 within the region extending from 5-15 mm from the apex is quantified in Figure 4 . The noise-only group showed the greatest OHC loss of 51%. Treatment with either tempol (30% OHC loss), creatine (17% loss), or both (19.5% loss) significantly reduced OHC death compared to untreated controls (p < 0.01) but there were no significant differences between any of the treated groups. We previously showed that hair cell loss, which increased over days following noise exposure, stabilized on days 7-10 ( Yamashita et al., 2004) . In agreement with this finding, no significant increase in cell loss occurred between days 10 and 14 or 10 and 21.
Discussion
Creatine can reduce both temporary (TTS) and permanent (PTS) threshold shifts, while the antioxidant tempol attenuates the PTS only. At 16 kHz we also observed that the combination of these two agents provided a significantly greater attenuation of the noise-induced threshold shift than tempol alone. This additivity, however, was not observed at lower test frequencies and was not supported by histological assessment.
The creatine-mediated reduction in both temporary and permanent ABR threshold shifts indicates that maintaining energy homeostasis during the noise exposure reduces the immediate stress-induced pathophysiology that leads to a TTS as well as those longer-term events that lead to permanent pathology. Another possible interpretation of the findings is that creatineinduced attenuation of the immediate stress-induced events essentially prevents the initiation of the subsequent events leading to permanent pathology. Improved cellular energy reduces formation of free radicals (Matthews et al., 1998) which may otherwise induce cell death by destruction of vital cell components (Barnham et al., 2004) or by acting as signaling molecules for apoptosis (Mattson, 2000) . Creatine may reduce PTS through stabilization of the energy state and an associated reduction in the formation of free radicals.
Creatine functions as an energy buffer through creatine kinase (Persky et al., 2003) , which is abundant in marginal cells of the cochlear stria vascularis (Spicer and Schulte, 1992) . Creatine kinase in these cells can supply ATP for the Na/K-ATPase that maintains the high K + of endolymph (Spicer and Schulte, 1998; Thorne et al., 2002; Housley et al., 2002) . In addition to its role as an energy substrate, extracellular ATP is a cochlear neuromodulator acting on purinergic receptors in the organ of Corti and spiral ganglion (Housley et al., 1999) . Noise exposure increases ATP secretion into the endolymphatic and perilymphatic compartments of the cochlea (Munoz et al., 2001 ) changing the ATP homeostasis in the cochlea.
Given the differences in susceptibility to noise and hypoxic insult between the base and apex of the cochlea, a difference may have been expected between the extent of protection (differences in hair cell counts) along the cochlea. However, tempol and creatine appeared broadly effective throughout the 5 -15 mm region from the apex that was affected by noise (see control group Fig 3) and within this region there were no clear apical-basal differences.
The development of TTS in response to high levels of noise is influenced by a wide variety of parameters including oxygen tension (Patchett, 1980) , sympathectomy (Hildesheimer et al., 1991) , glutamate receptor antagonist (Khan et al., 2000) , local administration of ATP (Sugahara et al., 2004) . TTS is thought to arise mainly from various reversible changes in the cochlea affecting the mechanical compliance of the basilar membrane (LePage, 1989) , decreased stiffness of the hair cell stereocilia (Saunders et al., 1986) , or afferent terminal excitotoxicity (Pujol and Puel, 1999) . Noise-induced attenuation of the endocochlear potential could contribute to acute threshold shifts that resolve to permanent threshold shifts (Hirose and Liberman, 2003; Ide and Morimitsu, 1990) . While our study does not allow us to identify the target of creatine-mediated protection from TTS, creatine may contribute to the maintenance of the endocochlear K + level, thus reducing this immediate effect of noise.
ROS and RNS can directly and indirectly modulate noise-induced cell death (Jacono et al., 1998) . Following intense noise, superoxide anion and hydroxyl radicals (as well as their reaction products with lipids, proteins and nucleotides) are generated in the cochlea (Yamane et al., 1995; Ohlemiller et al., 1999; Yamashita et al., 2004; Ohinata et al., 2000) , and protective glutathione and glutathione-related enzymes decrease (Yamasoba et al., 1998) . Conversely, antioxidants attenuate NIHL and noise-induced hair cell death (Ohinata et al., 2003; Yamasoba et al., 1999; Henderson et al., 1999; Kopke et al., 2000) . Tempol is a membrane-permeable radical scavenger that interferes with the formation or the effects of many radicals (Thiemermann, 2003) and its protective effect on NIHL is consistent a key role of free radicals in initiation of cell death. Tempol may be of clinical utility in the prevention of noise-induced hearing loss. Preclinical studies suggest that tempol may be useful in the therapy of ischemiareperfusion injury, shock, and inflammation (Cuzzocrea et al., 2004) . It has been used to treat humans topically (Metz et al., 2004) but not systemically, and side effects of oral consumption in humans are currently unknown.
To date, of all studies aimed at the prevention of noise-induced hearing loss, none propose that it is entirely preventable, other than by avoiding the exposure. This may be due to the fact that noise damage in part results from direct mechanical trauma to cell structures. On the other hand, it may be due to our inability to prevent all metabolically induced stress-related events including prevention of free radical formation, excitotoxic events, and noise-induced modulation of inner ear blood perfusion. In such a scenario, multi-drug therapy may be more effective in attenuating noise damage than any single agent. However, this was not the case for tempol and creatine except for a small improvement at one frequency (16 kHz) which was not supported by histological assessment of OHC loss. The inability of combination therapy to provide a larger protective effect than the individual drugs could indicate a ceiling effect for the protection offered by the individual drugs. Alternatively, maintenance of the energy status of the cell by creatine could reduce free radical formation and thereby obviate the effect of tempol. Moreover, while we selected a concentration and duration of treatment based upon data from the literature (Ipsiroglu et al., 2001; Schnackenberg et al., 1999; Nishiyama et al., 2003) , there is no direct data on the dosing that may produce optimal treatment of the inner ear. Both dose response studies for systemic administration as well as studies of the effect of direct (cannula-osmotic pump) administration of these agents locally into the scala tympani would be of value in understanding the efficacy of these agents. Our data indicates that with oral administration creatine and tempol can cross the blood-perilymph barrier, reach the tissues of the cochlea and attenuate noise-induced hearing loss. The protection of hearing loss was less than the apparent protection of hair cells from noise-induced death. This discrepancy may simply reflect an inability to judge hair cell function from hair cell morphology. In conclusion, this is the first report providing evidence of creatine-mediated protection of NIHL. It indicates that the preservation of ATP levels is important in attenuating both temporary and permanent NIHL, while the scavenging of free radicals contributes mostly to protect from permanent NIHL.
Experimental Procedure Materials and methods
Experimental design-Pigmented male guinea pigs (200-400 g, 2 -4 weeks old; Elm Hill Breeding Labs, Chelmsford, MA) were used in this study. Creatine and tempol were obtained from Sigma (St. Louis, MO). Creatine was administered orally to the guinea pigs in their food at doses of 3 % of the diet. Tempol was administered at 3 mM in drinking water. Controls received unsupplemented but otherwise identical diets and drinking water. The diets were administered over a total of 24 days beginning 14 days before noise exposure, to provide sufficient time for the agents to reach a stable organ and tissue level (Ipsiroglu et al., 2001; Schnackenberg et al., 1999) . Animals were divided into four experimental groups (n = 6 each): 1) untreated controls; 2) animals fed a 3 % creatine diet; 3) animals receiving 3 mM tempol; and 4) animals treated with creatine + tempol. Auditory brainstem response (ABR) was assessed bilaterally before treatment to assure normal hearing and reassessed 1 and 10 days after noise exposure. Following final ABR recordings, the animals were euthanized for histologic assessment. The experimental protocol was approved by the Animal Care and Use Committee at the University of Michigan and conformed to the National Research Council's Guidelines for the Care and Use of Laboratory Animals.
Auditory brainstem response-Animals were anesthetized with an intramuscular injection of xylazine (10 mg/kg) and ketamine (40 mg/kg). The external ear canals and tympanic membranes were inspected using an operating microscope to assure the ear canal was free of wax, that there was no canal deformity, no inflammation of tympanic membrane, and no effusion of the middle ear. During the ABR measurement, to avoid an anestheticinduced reduction in body temperature a Deltaphase Isothermal pad was used. A differential active needle electrode was placed subcutaneously below the test ear, a reference electrode at the vertex, and a ground electrode below the contralateral ear. The sound stimulus consisted of 15 ms tone bursts, with a rise-fall time of 1 ms at frequencies of 4, 8 and 16 kHz, and was generated by Tucker-Davis Technologies (Alachua, FL) BioSig© program. The stimuli were presented to the external auditory meatus in a closed acoustic system through a tube connected to a transducer (Beyer DT-48, Beyer Dynamic, Farmingdale, NY). The sound source was calibrated by coupling with a B & K ¼ inch microphone through a 0.6 cc rubber tube. Initial stimuli were presented at a level of 100-105 dB SPL, which consistently evoked a clear and robust ABR; sound intensity was initially decreased in 10 to 20 dB steps until the amplitude of the response indicated that threshold was near, thereafter sound intensity was decreased in 5-dB decrements, until "threshold" was defined. One thousand and twenty-four tone presentations, delivered at 10 times per second, were averaged to obtain a waveform, using a Tucker-Davis data acquisition system with computer and custom software. Hearing threshold was defined as the lowest intensity of stimulation that yielded a repeatable waveform with an identifiable peak 3 or 4 in the ABR waveform.
Noise exposure-Animals were exposed to one-octave band noise (OBN) centered at 4 kHz, at 120 dB SPL, for 5 hr in a ventilated sound exposure chamber. The sound chamber was fitted with speakers (Model 2450H; JBL) driven by a noise generator (ME 60 Micrographic equalizer; Rane) and power amplifier (HCA-1000 high current power amplifier; Parasound Products). Sound levels were calibrated (Type 2203 precision sound level meter, Type 4134 microphone; Bruel and Kjaer Instruments) at multiple locations within the sound chamber to ensure uniformity of the stimulus. The stimulus intensity varied by a maximum of 3 dB across measured sites within the exposure chamber. During noise exposure, noise levels were monitored using a sound level meter, a preamplifier, and a condenser microphone. The microphone was positioned above the cages but calibrated to record at the level of the animal's head during the noise exposure.
Hair cell count-Following final ABR recordings, animals were sacrificed under xylazine and ketamine anesthesia. The temporal bones were immediately removed and placed in 4% paraformaldehyde in 0.01 M phosphate-buffered saline (PBS, pH 7.4). Under a dissecting microscope, the round and oval windows and the bone near the apex were opened, followed by gentle local perfusion of 4% paraformaldehyde from the apex through the cochlea. The tissue was kept in the fixative overnight. After removal of the bony capsule and the lateral wall tissues, the modiolar core, including the organ of Corti, was dissected from the temporal bone. Following permeabilization with 0.3% Triton X-100 for 5 min, the organ of Corti was stained for F-actin with rhodamine phalloidin for 40 min to visualize hair cells and their stereocilia. After washing with PBS, the organ of Corti was dissected and slide mounted as a surface preparation. The tissues were observed under fluorescence microscopy and missing inner hair cells (IHC) and outer hair cells (OHC) were determined in 0.19 mm sections from apex to base. Missing hair cells were apparent as dark spots and/or the typical phalangeal scar of supporting cells (Raphael and Altschuler, 1991) . Counting was begun 0.95 mm from apex, omitting the irregular apical part of the cochlea spiral. The percent of IHC and OHC loss per 0.19 mm counted distance was calculated by comparison to an existing normative laboratory database. The mean of OHC loss for all 3 rows per 0.19 mm counted distance were calculated. Then the mean for each group was calculated per 0.19 mm counted distance. Cytocochleograms were generated displaying the mean percentage loss of IHCs and OHCs along the cochlear length (as described in Ekborn et al., 2003) . Differences across groups in the region 0.95 -18.05 mm from the apex were evaluated for statistical significance.
Statistical methods-Statistical differences among the different groups were evaluated using two-way repeated measures ANOVA for each frequency followed by Student-NewmanKeul's as a post hoc test. A p value of <0.05 was considered significant. Hair cell data was analyzed performing a one-way ANOVA.
Fig. 1. Baseline ABR threshold
Baseline ABR threshold was assessed bilaterally before treatment. Pre-treatment baseline ABR thresholds did not differ significantly between the four assigned treatment groups, mean ± SD.
Fig. 2. Noise-induced ABR threshold shifts
ABR threshold shifts (mean ± S.D., n = 6 animals per group) were assessed at each test frequency (4, 8, and 16 kHz) following noise exposure. On Day 1, the group treated with creatine or both creatine and tempol showed significantly smaller threshold shifts at each frequency (panels A-C) compared to that of the normal-diet group (control). In contrast, tempol alone did not reduce the threshold shift on day 1 at any frequency. On day 10, treatment with each of creatine, tempol, or both agents together attenuate noise-induced threshold shifts at 8 (panel E) and 16 kHz (panel F); while only the combination treatment of creatine and tempol was sufficient to produce a statistically significant attenuation at 4 kHz (panel D). All asterisks indicate significance relative to control group. Statistical analysis was by two way repeated measures ANOVA. Average cytocochleograms for each group (n = 6 animals per group) across the whole cochlea. These cytocochleograms show the mean percent hair cell loss for IHCs and OHCs rows 1-3 along the length of the cochlea. In the normal-diet group (control) the damaged region extends from approximately 5 to 15 mm from the apex. In contrast, the animals receiving either creatine, tempol, or both had less hair cell loss and narrower noise-induced lesions. Distance from apex is indicated on axis below. Equivalent frequency is indicated on horizontal axis above each figure (Viberg and Canlon, 2004) .
Fig. 4. Noise-induced hair cell loss
Average OHC loss for each group (n = 6 animals per group) within the region of the cochlea spanning 5-15 mm from the apex (± S.E.). OHC loss on day 10 was significantly attenuated in the tempol, creatine, and combination groups compared to control animals exposed to noise; but there were no significant differences between the treated groups using a one-way ANOVA. However, a t-test showed a significant difference between tempol treated vs. the control group as well.
